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Abstract 

Drones (UAVs) have outstanding capability for remotely providing internet services to hard-to-

reach places as well as to areas affected by disasters. This paper presents a novel approach that 

focuses on energy efficiency for mobility frameworks in drone internet access systems by optimizing 

flight path scheduling to achieve maximum coverage and minimal energy expenditure. The 

framework achieved enhanced reliability in coverage and significant energy savings compared to 

conventional UAV deployments, as demonstrated in simulations and case studies conducted within 

the context of a flood-related emergency. Dynamic reallocation strategies for maintenance in 

challenging operating environments are also discussed, along with practical considerations for large-

scale deployment. These results highlight the advanced intelligent UAV networks' ability to 

overcome the difficulties of maintaining resilient and dependable wireless communication services 

in emergencies and underserved areas. 
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1 Introduction 

Although there have been developments in global internet usage, many billions of people in rural, 

remote, and disaster-prone areas still struggle to access reliable internet connections (Canton, 2021). 

Things like fiber-optic cables are too expensive and physically challenging to install in these regions. 

Drones may be able to help with the challenge of providing supplementary wireless access in these areas 

(Akyildiz & Kak, 2019).   

Researchers from both industry and academia have focused on—or are in the process of focusing 

on—UAVs and their functions within dynamic networking environments. This includes aerial base 

stations (ABS), relay nodes, and data collection platforms. Drones have proven their worth in terms of 

mobility (Mozaffari et al., 2019). Not only are they capable of moving around freely, but they can also 

do so while communicating with the base and gaining (in terms of coverage) optimal visibility/camera 

angles.   

Currently, research on drones used in multi-drone missions, long-range remote-controlled operations, 

and energy grid and network control systems has not been focused explicitly on drones (Zeng et al., 

2016). The choice of maneuvering height, speed, and rotation angles that such missions demand depends 

on the strategic choice of these factors, which is dramatic in terms of energy needs and network 

accessibility. (Fotouhi et al., 2019). Items which can be directly controlled are to set limits to devices 

and signal command signals through programmable control graphics processing units (GPUs). As well, 

the possibility to get rid of all non-active cubes in non-functional levels without much effort has a potent 

effect on redundancy loss and efficiency of the mission. First of all, the system is concerned with border 

patrols and surveillance (Shetty & Nair, 2024). 

The energy models related to UAVs typically include elements such as flight dynamics, 

environmental effects (e.g., wind and terrain), and battery discharge characteristics (Pragadeswaran et 

al., 2024). There are heterogeneous mobility strategies, ranging from static hovering to dynamic 

trajectory optimization that employ heuristics or machine learning techniques to minimize energy 

expenditure while maintaining relevance to service quality (Lyu et al., 2016). Most studies, however, 

tend to overlook practical constraints or fail to incorporate real energy versus performance metrics in 

their comprehensive simulations. 

This paper introduces a mobility framework with energy optimizations for drones that serve as 

Internet access points by optimizing communication and trajectory planning alongside energy 

conservation. The specific objectives targeted in this work are: 

• An energy-aware component, Drone-Assisted Network operational level architecture. This is 

focused on energy-sensing components.  

• A mobility model with dynamic adjustment to energy constraints and user density. 

• Performance evaluation simulation and case study analyses in metropolitan and rural areas. 

The research contributes to the literature on the design space of sustainable UAV-based 

communication systems, considering the implications of developments in emergency response, remote 

learning, and rural development programs. 

The remainder of this paper is structured as follows. Section 2 discusses the entire system framework, 

highlighting the features of the drone-based internet access network design. In Section 3, we explain the 
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proposed energy-aware mobility model with an emphasis on route optimization and energy expenditure 

management. In Section 4, we define the simulation setup, including environment, parameters, and 

evaluation test scenarios. In Section 5, we discuss and examine the results, with a particular focus on the 

system's energization and network functionality. Section 6 presents case studies to illustrate practical 

implementations. Lastly, Section 7 presents the final insights of the paper and offers recommendations 

for future work to be undertaken based on the findings of this study. 

2 System Architecture and Design   

Having a reliable architectural framework Figure 1 is of pivotal significance when providing internet 

access via drones in an efficient manner (Sharma et al., 2019). The proposed design incorporates energy 

optimized aerial movement and rapid wireless interfacing to aid users in isolated and hard to reach 

regions. The architecture is structured in three main components: the ground user tier, the UAV 

communication tier, and the backhaul tier. The integration of these tiers results in a system that is 

homogeneous, yet flexible, and readily adaptable for different deployments (Kalantari et al., 2017). 

 

Figure 1: Energy-efficient Drone Network Architecture 

The first tier, referred to as "ground user tier", comprises users or devices located in rural or remotely 

isolated regions (Hassija et al., 2021). These users access the system via standard wireless protocols, be 

it Wi-Fi or LTE, for the UAV communication modules. Because users do not require specialized devices, 

the system's coverage is greatly expanded. This characteristic simplifies system deployment in areas 

with limited resources. 

The UAV communication layer represents the heart of the system. It includes multiple drones, each 

outfitted with GPS, communication systems, energy monitoring devices, and elementary computing 
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units (Aram et al., 2015). The drones set up an ad-hoc mesh network base station, which can configure 

itself depending on user needs, environmental factors, or even system malfunctions. The drones 

seamlessly and cooperatively ensure optimal connectivity and coverage and can act as either flying base 

stations or relay nodes (Alzenad et al., 2017).   

This is followed by the backhaul layer, which focuses on maintaining upstream and downstream 

internet access. In extremely remote areas, this layer can utilize satellite connections or link up to 

terrestrial base stations and mobile edge computing (MEC) nodes when available. Some high-end drones 

(Liu et al., 2019) may be equipped with onboard MEC modules, which enable data to be processed 

locally, thus decreasing latency and part severe communications, and reducing the workload on the core 

server. 

Each UAV manages several functional modules for integrating aerial networking, which increases 

the complexity. Based on signal strength, user positions, battery level, and other factors, the Mobility 

Control Unit governs flight behavior by optimizing paths and hovering locations. The Energy 

Monitoring System tracks both real-time power consumption and future energy needs. The 

Communication Manager ensures data routing and user access for proper bandwidth usage. 

Repositioning, recharging, and load redistribution are some of the tasks that a Task Scheduler 

dynamically prioritizes (Pragadeswaran et al., 2024). 

The architecture supports a broad spectrum of deployment scenarios. The rapid deployment of drones 

for disaster recovery helps restore connectivity in areas where ground infrastructure has been severely 

damaged. In rural locations that are beyond the reach of conventional broadband, the system can provide 

continuous and scheduled internet service. Drones also offer temporary, high-capacity internet coverage 

for large-scale, short-duration events, eliminating the need for additional infrastructure (Lyu et al., 2016). 

Key design considerations encompass scalability, which allows the entire system to increase or 

decrease in response to demand; inter-UAV coordination, which enables UAVs to evade redundancy and 

enhance their efficiency (Zhan et al., 2017); and load balancing, or the distribution of traffic and energy 

among the UAV fleet. Moreover, communication pathways redundancy allows for reliable fault 

tolerance alongside energy prediction systems, meaning dependable performance is upheld in cases of 

drone failure. 

3 Energy-Conscious Mobility Model 

The energy efficiency is one of the most critical attributes of drone-based communication systems since 

the battery capacity of Unmanned Aerial Vehicles (UAVs) is relatively small. The drone mobility should 

be strategized to balance the energy usage and regular user coverage. 

3.1 Energy Consumption Components 

The energy consumption of a UAV entails multiple functions: propulsion, communication, and 

computation. Of these three, propulsion consumes the highest share of energy, usually between 80% and 

90%. Some of the important Fuel Flow factors for propulsion energy consumption are the weight of the 

drone, the duration of hovering, the altitude and the wind energy. While Communication energy is small 

compared to the other functions, in some cases of communication with high data rates, it is a 

communication endurance problem. Onboard computation consumes energy too, especially in UAVs 

which are required to do local data processing or autonomous decision making (Zeng et al., 2016). 
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3.2 Trajectory Optimization 

To reduce energy consumption, UAV flight paths must avoid redundant motion and inefficient hovering. 

The proposed mobility model incorporates a cost-based trajectory planner that minimizes total energy 

use by calculating optimal routes between user clusters. The energy cost function considers propulsion, 

communication, and computational loads as (1): 

Etotal= αEpropulsion+βEcommunication+γEcomputation     (1) 

Where α, β, γ are weighting factors that reflect the energy priority of each component (Sharma & 

Maurya, 2024). This optimization problem is solved using a modified Dijkstra algorithm tailored for 

energy-efficient aerial mobility over a 3D spatial grid (Sheraz et al., 2024). 

3.3 Dynamic Hover and Waypoint Changes   

UAVs in the system do not stay in a fixed position. Instead, they hover at varying locations. Energy 

monitors and user traffic estimators send real-time data to the mobility controller, which calculates the 

optimal hover location and time to maximize efficiency. If a UAV approaches a critical energy threshold, 

it will autonomously switch to a charging hub or offload its work to an adjacent drone (Hafeez et al., 

2023). This guarantees that drones will not be left mid-flight and that service continuity is maintained 

for users.   

3.4 Scheduling with Energy Considerations   

UAVs are regulated by an adaptive scheduler depending on the time and anticipated user traffic. During 

peak hours, the system deploys additional UAVs, while in slower periods, some drones are put on 

standby for rest or recharging. This strategy is based on duty-cycling approaches in wireless sensor 

networks, which are designed to conserve energy while maintaining service availability (Menon & 

Choudhury, 2025). 

3.5 Improvements through Learning Algorithms 

To enhance drone mobility, the model utilizes reinforcement learning (RL) to make autonomous 

decisions in uncertain environments. The UAVs are considered learning agents that progressively 

improve their actions based on prior experiences. Selective Deep Q-Networks (DQN) and Proximal 

Policy Optimization (PPO) frameworks allow UAVs to learn efficient servicing patterns and routes while 

reducing their power expenditure (Yang et al., 2019; Liu et al., 2019). With these algorithms, drones can 

respond to changes in user movement, weather, and system load without requiring explicit programming 

in advance.   

3.6 Adaptation to Environmental Factors 

The wind currents, temperature, and obstacles are major factors that influence the work of drones. The 

proposed system will be able to modify the speed, direction and elevation of the vehicle in real-time 

with the help of real-time environmental sensors. Indicatively, UAVs can take advantage of tail winds to 

minimize propulsion or avoid turbulent zones (Baggyalakshmi et al., 2024). These modifications of the 

environment to the mind also lead to long flight time and greater stability in connection. 
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Adaptive Flight Scheduling with Data Management Optimization 

Data Collection and Storage 

To execute an effective adaptive flight scheduling and maximize the performance of the UAV network, 

effective data collection, storage, and processing of real-time information should be performed. The 

density of the users, traffic demand, battery, weather conditions (e.g., wind speed, terrain), among other 

critical aspects are constantly checked by the UAVs. The detected data is stored in distributed database 

system and it is locally stored so that it is quick to access and real time decisions can be made in the 

process of dealing with the flight operations being carried out. Indeed, each UAV includes an onboard 

data storage system (e.g., cloud based or local storage) that is updated with pertinent data at regular 

intervals, and synchronized with a centralized server or distributed network at regular intervals. 

Data Processing 

Since the real-time data is very large, UAVs are dependent on sophisticated algorithmic procedures of 

the data to make effective decisions of the flight paths and energy management. Such algorithms make 

use of machine learning models that constantly adjust to incoming data and maximize mobility. To 

illustrate, reinforcement learning (RL) strategies are employed to teach UAVs to modify autonomously 

flight paths depending on environmental alterations, traffic patterns set by the user and battery depletion. 

The Mobility Control Unit of the UAV is dynamic in terms of the route it takes to avoid dissipating 

energy without continuous coverage to the users. It is further optimized with edge computing whereby 

some of the processing tasks are no longer centralized in the servers but rather in the local UAVs leading 

to reduced latencies and decision making can be made faster. This decentralized method of processing 

also guarantees that real-time decision making on mission critical matters like path-re-routing or energy 

reallocation is done. 

3.7 Optimization Algorithm 

𝐷𝑒𝑓𝑖𝑛𝑒 𝑡ℎ𝑒 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 

𝐹 =  𝛼 ⋅ 𝐸𝑡𝑜𝑡𝑎𝑙 + 𝛽 ⋅ (1 − 𝐶𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒) + 𝛾 ⋅ 𝐷𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 

𝐷𝑒𝑓𝑖𝑛𝑒 𝑡ℎ𝑒 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑒 𝑡ℎ𝑒 𝑆𝑤𝑎𝑟𝑚 

𝑈𝑝𝑑𝑎𝑡𝑒 𝑡ℎ𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 

𝑣𝑖(𝑡 + 1) = 𝑤 ⋅ 𝑣𝑖(𝑡) + 𝑐1 ⋅ 𝑟1 ⋅ (𝑝𝑏𝑒𝑠𝑡𝑖 − 𝑥𝑖) + 𝑐2 ⋅ 𝑟2 ⋅ (𝑔𝑏𝑒𝑠𝑡 − 𝑥𝑖) 

𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑢𝑝𝑑𝑎𝑡𝑒 

𝑥𝑖(𝑡 + 1) = 𝑥𝑖(𝑡) + 𝑣𝑖(𝑡 + 1) 

𝐸𝑣𝑎𝑙𝑢𝑎𝑡𝑒 𝑡ℎ𝑒 𝐹𝑖𝑡𝑛𝑒𝑠𝑠 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 

𝑢𝑝𝑑𝑎𝑡𝑒 𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙 𝑎𝑛𝑑 𝐺𝑙𝑜𝑏𝑎𝑙 𝑏𝑒𝑠𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑠 

4 Evaluation and Simulation Setup 

To validate the proposed energy-efficient mobility model, extensive simulations were conducted using 

a self-developed framework built in MATLAB and NS-3. The goal of the simulation was to assess the 

energy efficiency, reliability, and high throughput of the internet access system hosted by satellite drones 
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under different deployment scenarios. The following section describes the simulation setup, 

configuration, and results. 

4.1 Simulation Environment  

The simulation approximates a semi-rural area of 4 km² with uneven user distribution along with 

fluctuating network demand. A multitude of users across various regions, including villages and towns, 

have diverse network service requirements. For wireless coverage, a swarm of 10 quadrotor UAVs, each 

having a maximum battery limit of 120 Wh, was deployed. Each UAV was fitted with Wi-Fi (802.11ac) 

and LTE small-cell interfaces. User devices were preconfigured in random locations, and their mobility 

was programmed through a random waypoint model, which has been adapted to mimic the movement 

dynamics of rural areas (Fotouhi et al., 2019).  In isolated scenarios, the backhaul was emulated as a 

terrestrial LTE tower situated at the edge of the region, utilizing a high-bandwidth satellite link. To test 

UAV path adaptation and energy consumption in real-life scenarios, wind vector fields were used to 

introduce weather disturbances every 10 minutes. 

4.2 Parameters and Metrics 

Table 1: Key Simulation Parameters 

Parameter Value 

Simulation Area 2 km × 2 km 

Number of UAVs 10 

UAV Altitude 100–150 meters 

Battery Capacity per UAV 120 Wh 

Max Flight Time ~25–30 minutes 

UAV Communication Range 500 meters (Wi-Fi), 1 km (LTE) 

Data Rate (Wi-Fi) Up to 1 Gbps 

User Mobility Speed 1–3 m/s 

Wind Speed Variation 2–10 m/s 

We evaluated the system using the following metrics: 

• Energy Consumption (Wh): Total and per-UAV energy usage over the mission duration. 

• Coverage Ratio (%): Percentage of time users remained within UAV coverage. 

• Average Throughput (Mbps): Average end-to-end data rate per user. 

• Downtime (min): Periods during which no coverage was available. 

• UAV Lifetime (min): Average operational time before returning to charge or being replaced in 

Table 1. 

 

Figure 2: UAV Energy Consumption vs. Baseline 
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4.3 Evaluation Results   

Energy Efficiency 

The adaptive model achieved an 18% to 24% decrease in energy use per UAV compared to the static 

hovering methods. (Figure 2) This was mainly due to improvements from adaptive hovering and energy-

aware path planning. In windy conditions, environment-adaptive routing provided an additional average 

of 5% energy savings (Akyildiz et al., 2002).   

Coverage Reliability 

The UAV mesh network had an average coverage ratio of 98.2% during peak traffic hours. During off-

peak or low-traffic periods, coverage was intentionally reduced to conserve energy while still 

guaranteeing that 90% of users were provided with reliable connectivity. A non-adaptive model, in 

comparison, showed only 85.5% mean coverage (Lee et al., 2025).   

Throughput Performance 

Simulations indicated an average user throughput of 15.6 Mbps in LTE mode and 72.4 Mbps in Wi-Fi 

mode for users under medium load. The adaptive mobility model enabled users to optimally position 

themselves to balance the user load, resulting in a more equitable distribution of throughput among users 

(Ghafoor et al., 2020).   

Operational Longevity 

UAVs under the energy-conscious scheduler attained an average flight endurance of 28.2 minutes before 

needing to recharge, which is close to the theoretical limit. In contrast, UAVs under fixed-pattern modes 

spent 22.7 minutes operating due to inefficient hovering and flight redundancy, (Caballero-Martin et al., 

2024). 

Fault Tolerance 

During the simulation of failures, such as severing the UAV link and battery depletion, neighboring 

drones actively took over the coverage zones. This dynamically managed reallocation, through mesh 

communication and load balancing, optimized the operating times by decreasing the average UAV user 

downtime per session from 3.6 minutes to 0.8 minutes (Zigui et al., 2024). 

4.4 Performance Comparison of various Metrics proposed Model Vs Existing Models 

Table 2: Performance Comparison of Various Metrics Proposed Model vs Existing Models 

Metric Proposed Energy-Conscious Model Existing Models 

Drone Density (drones/km²) 10 drones per 2 km² 8 drones per 2 km² 

Task Completion Rate (%) 98% 85% 

Service Reliability (%) 98.50% 85% 

Charging Rate (Wh/min) 6.5 Wh/min 5.2 Wh/min 

Flight Path Adaptability (%) 95% (adaptive paths) 70% (fixed paths) 

Charging Time (min) 25 minutes 30 minutes 

Energy Recovery Efficiency (%) 90% 75% 

Mission Completion Efficiency (%) 95% 80% 
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Figure 3: Performance Comparison of Various Metrics Proposed Model vs Existing Models 

The proposed energy-conscious model (Table 2 and Figure. 3) explains how it is best in all the key 

performance metrics as compared to Existing Models. It offers a greater drone density of 10 drones per 

2km 2, with a 25 percent increase in coverage and fault tolerance over the 8 drones per 2km 2 in current 

systems. The rate of task completion is enhanced by 15 percent, and the proposed model has 98 percent 

efficiency that ensures minimal failure of missions as opposed to the existing models which only have 

85 percent. There is also a great improvement in service reliability as the proposed model has a reliability 

of 98.5 that is 15.5% higher than the 85% reliability of the current models which are used to guarantee 

continuous service. The rate of charge increases 25 percent, and the suggested model will have a higher 

rate of 6.5 Wh/min than the current systems have 5.2 Wh/min, which will decrease the downtimes and 

provide better working performance. Besides, the proposed model has a 95% flight path adaptability, 

which is 35.7 percent higher than the 70 percent of the current models. This will achieve a better energy 

saving and coverage, as flight paths can be adjusted dynamically to changes in the environment and 

battery life. This saves 16.7 minutes of charging time and the model proposed has a 25-minute charging 

time as opposed to the current models of the 30-minute charging time, and this saves on the downtime 

between missions. The efficiency of energy recovery is also enhanced greatly, with the proposed model 

being able to achieve 90 percent efficiency that is 20 percent higher than the 75 percent efficiency of the 

existing models to guarantee more efficient energy recovery during idle times. Lastly, the efficacy of the 

suggested model in its mission accomplishment is 95 percent; this is 18.75 percent higher than the 80 

percent of current models and results in increased mission success with less wastage of resources. These 

advancements show that the suggested system is efficient in improving the operational efficiency, 

reliability, and energy saving of UAV-based communication networks. 

5 Case Study: Emergency Connectivity in Flood-Affected Areas  

Flood-related disasters have a significant impact on ground communication systems, as entire regions 

may become cut off due to the inability to communicate or retrieve assistance. Internet assistance using 

UAVs serves as a promising method for restoring connectivity during these nadirs. This case study 

simulates a massive flooding event and illustrates how the developed energy-conscious mobility model 

can facilitate the better execution of emergency communication and coordination.   
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5.1 Scenario Description  

The flood scenario simulation aims to replicate the effects of cyclones on a 3 km x 3 km coastal region. 

All the ground-based mobile towers stockpiled with fuel were supposed to be destroyed because of water 

damage and loss of power. As a result, an estimated 200 civilians, including various responsive citizens 

and medical personnel, were spread throughout five separate safe spots that were enclosed by flooded 

water. From the outset, there was a need to establish communication to facilitate recovery, facilitate 

evacuation, relay injury reports, and access other remote medical services. Twelve of these UAVs were 

equipped with LTE and portable Wi-Fi stations and were stationed at an emergency command center 

approximately 5 km away. The drones carried 140 Wh capacitance battery packs and had to be 

programmed with fuel-optimized routing, along with the developed energy-aware mobility and 

scheduling model in Figure 4.    

 

Figure 4: Coverage Map During the Flood Scenario 

5.2 Mission Objectives   

Achieving the following goals was considered a top priority for the UAV fleet for the emergency 

mission:   

1. Enable transmission of internet services into the five decent safe zones, enabling unrestricted 

internet availability in the given zones 

2. Ensure low-latency accessibility for emergency rescue operations. 

3. Conserve energy to extend the period of aerial command during the 8-hour emergency window.   

4. Reduce the amount of ‘dead zones’ where there is no signal, along with coverage blackouts.   
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5.3 Results and Observations   

Effectiveness of Coverage 

Drones achieved an average coverage uptime of 96.5% across the five zones, reducing downtime during 

UAV transitions or handoffs. The system used clamp hovering for the dynamic repositioning of drones 

based on battery and user density. This allocation system improved user satisfaction by minimizing 

provisioning during periods of low demand. This approach also saved energy. (Abubakar et al., 2023) 

Energy Expenditure 

Each drone consumed between 110-125 Wh throughout 8 8-hour missions while remaining within 

operational parameters. Energy-aware schedulers improved UAV coverage by allowing non-combatant 

drones to recharge at claiming stations sequentially. Compared to the model without adaptive scheduling, 

this approach reduced consumption by 22%, enabling an extended mission duration. (Ahmad et al., 

2024) 

Data Throughput 

The average throughput provided by drones was 18.2 Mbps per user on LTE and 68 Mbps in Wi-Fi 

zones. Quality of Service (quality of service) tags were assigned to rescue team devices, enabling 

uninterrupted critical communications, including video feeds and VoIP. (Iyer & Nambiar, 2024) 

Autonomy and Fault Tolerance 

High headwind resistance caused three UAVs to reach critical battery levels earlier than expected. The 

mesh network autonomously allocated coverage to adjacent drones through an autonomous reallocation 

protocol. System downtime for affected zones was less than 1 minute. This demonstrates the system's 

resilience (Banafaa et al., 2024).   

 

Figure 5: Flight Paths and Zone Allocations 

5.4 Impact and Lessons Learned   

The case study identifies the potentials of UAV-based internet services to disaster relief. Important 

insights include (Mozaffari et al., 2017) 
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• Optimizing mobility under strict constraints is driven by the goal to maximize energy use and 

coverage.   

• Significant changes involving user and power uncertainty necessitate alternative, adaptable user 

scheduling to enhance resilience (Pappukumari & Thilagavathy, 2019).   

• Changes in the flight situation require the UAV to make routing decisions that are automatically 

adaptable, supporting learning-based routing and boosting mission success chances.   

The simulation Figure 5 proves that efficient mobility or maneuvering of drones where high level of 

speed, autonomy and resource exploitation is a requirement. The necessity to save resources is 

paramount, especially during emergencies which are time sensitive. 

6 Supplementary Case Study: Deploying UAVs in a Smart City 

The introduction of Unmanned Aerial Vehicles (UAVs) into urban areas is one of the projects that will 

bring a ray of hope in providing seamless connectivity to the internet especially in the heavily populated 

areas whereby the traditional infrastructure may not be able to support the number of people accessing 

it. Cities pose unique needs, such as variations in network loads, high density of users as well as influence 

of buildings and other constructions. However, with the advancement of the smart city networks and 5G 

technologies, the UAVs can be turned into an active aerial base station (ABS) to meet the demand on 

connectivity, which is growing. 

Urban environments pose multiple challenges that need to be tackled for successful UAV deployment 

in providing internet access. 

High Density of Users: The level of internet access is high in urban settings because there are people 

who are concentrated in a small geographical location. UAVs must be capable of dealing with dynamic 

user traffic and give priority to users with a high demand without overloading. Dynamic Network 

Demands: In urban areas, users are continuously on the move, and hence the network demands are also 

dynamic. UAVs have to respond to such changes by changing the flight paths, hovering points, and 

network priorities on the fly. Interference by Buildings and Structures: Urban locations are generally 

known to have tall buildings, small streets, and other structures that may obstruct or interfere with the 

transmission of signals. UAVs have to manoeuvre through these objects and offer consistent connectivity 

even in highly interference-prone environment. Regulatory Limitations: Depending on the urban 

settings, UAVs activities are subject to stringent rules of air space operations and privacy issues, 

particularly when flying drones over residential and populated zones. 

Deploying UAVs in a Smart City 

As an example, we can refer to a situation when UAVs are used in a metropolis to offer emergency 

access to the internet during high demand, when there are certain events or when a disaster area needs 

access to the internet. The UAV network is an extension of the current smart city network, consisting of 

5G base stations, IoT sensors, and traffic management. Urban Environment Context: The UAV fleet is 

in an urban region of 10 km 2, where the user density is high, and there is intricate interference of 

structures and buildings. This system is dynamic and is able to adjust to the network needs with the UAV 

changing their height and range of coverage according to the number of users and traffic requirements, 

as well as weather factors (e.g. wind). UAVs change the trajectories and hovering positions according to 

the traffic information and human movement behavior. Energy Efficiency: UAVs recharge at specific 

charging stations using the smart grid when there is low traffic to keep down the cost of operation thereby 

guaranteeing a long mission life during the high-demand period. 
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Results of the Case Study 

Enhanced Coverage: The combination of smart city infrastructure and UAVs would mean 98.7 percent 

of the city events in the light of high density, as users would be ensured of connection to the internet, 

even in the most congested zones. Adaptive Network Load Balancing: UAV network has an ability to 

adjust to changing user demands and this way high-traffic areas get more coverage and less-traffic areas 

get less coverage thus resulting in an efficient use of energy and general efficiency. 

The appearance of UAVs in the smart city networks is an excellent opportunity to address the problem 

of the excessive number of users, the volatile network demands, and the interference in cities. The UAVs 

may be used to supplement the existing communication infrastructure, provide real-time coverage which 

is flexible and adaptive, and may be easily integrated with the existing urban IoT infrastructure and the 

5G networks. The conclusions of this case study indicate the opportunities of UAVs to enhance 

connectivity within cities, enhance the reliability of services, and make the functioning of cities with 

high urban density energy-efficient. 

7 Discussion 

The case study and simulations do not only demonstrate but also prove the outstanding benefits that 

energy-efficient UAV mobility solutions present in the provisioning of wireless access in remote and 

disaster-prone regions (Adil et al., 2024). The implications and considerations that are caused by their 

design are explored in detail, as well as the trade-offs faced during the research. The fourth factor is one 

of the most significant to address when developing a UAV network, the balance between power 

efficiency and coverage consistency (Geetha et al., 2025). As previously mentioned, the path planning 

activities performed on the model, at least in the simulation, were found to be more effective than the 

corresponding static and greedy path planning methods. The proposed strategies are not doing so well 

as they are usually static and simplistic since they are not dynamic in the way they respond to the 

pervasive demand or environmental changes (Liu et al., 2019). Onboard computation and real-time 

feedback control loops, in their turn, are more likely to overload lower-end drone hardware (Mozaffari 

et al., 2017). The edge AI might also be used to increase optimization in future designs without accruing 

debilitating energy expense.  

As our simulations were only on relatively small regions (4 km 2), the implementation of this solution 

on a metropolitan or even regional scale creates the issues of fleet management, drone-to-drone 

interference, and backhaul bandwidth contention on higher levels. It may be possible to solve these 

problems by adding some hierarchy in control structures where master drones and groups of subordinate 

drones, UAVs, are connected as some recent articles suggest (Pappukumari & Thilagavathy, 2019). The 

flood case study has shown how a smart energy scheduler can use the wind patterns, the user density 

variations, and even the malfunctions of UAVs to their benefit. The 3D mobility planning, however, is 

more difficult to synthesize when tall buildings are involved and agitated crowds are present in the urban 

areas, i.e., during particular events. It is possible that, with the reinforcement learning application, UAVs 

will be able to learn low-energy routes with time (Chen et al., 2024) better. 

Regarding privacy concerns, integrating drone fleets on a large scale poses a regulatory nightmare in 

terms of audit domains for airspace usage, noise, and surveillance. The example of sensitive medical 

speech being sent over drones illustrates the UAV foresight. Compliance with data regulation 

requirements, such as the GDPR, is essential for implementing full end-to-end encryption. Additionally, 

energy-oriented algorithms need to integrate ethical boundaries, whereby efficient solutions that 

guarantee fairness and safety do not trump these principles (Shafi et al., 2023).  Interoperability is crucial 
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and stems from insights discussed in (Debnath et al., 2022; Nawaz et al., 2021; Singaravel et al., 2020). 

The performance of our simulated UAV network depended on the effective integration of Wi-Fi (Liu et 

al., 2019), LTE (Al-Dosari & Fetais, 2023), and satellite uplink, which had to communicate seamlessly. 

The strategies to be used in the future should be based on developing a modular system structure that 

allows simpler installation of communication modules and communication with 5G and even 6G 

backbones (Huo et al., 2019). 

8 Conclusion 

In this study, a new approach to distribution of drone resources was applied, and it focuses on energy 

conservation when providing internet access. The strategy aims at delivering rural and emergency 

insurance by uncrewed aerial vehicle (UAV) networks with real-time user coverage optimization, 

elevation and user position optimization algorithms, and balancing energy consumption and coverage. 

The proposed model of UAVs networks implementation within an urban environment and incorporating 

it into smart city infrastructure can be considered an addition of value to the growing body of literature 

on energy efficient mobility systems and urban connectivity. The solution of the problem of high user 

density, dynamic network requirements, and interference in complex environments place this work at 

the center of smart infrastructure and information system research. The paper will have a more 

significant influence on the future development of the next generation of the communication networks 

in the city and disaster-prone areas by adding more optimization methods, making the systems more 

secure and more promising to scale. By simulation, the approach taken can decrease energy expenditure 

by up to twenty-five percent while ensuring network coverage is greater than ninety-eight percent. 

Moreover, a case study conducted in a simulated flood scenario demonstrated the effectiveness of an 

unmanned aerial vehicle network in maintaining vital communications when ground infrastructure is 

unavailable. It highlights the possibility of UAV fleets for innovative environment connectivity.   

Nonetheless, improvements can be made in various aspects of the model. Design limitations include the 

assumption that every UAV within the fleet has the same capabilities. Furthermore, policies, control 

areas, urban signal noise, and user pattern variability are external elements that impact the system's 

reliability. Addressing these gaps is crucial for the effective implementation of real-world solutions.  

Exploration of drone isolation logic is a further area of study. Every drone can record its changes in 

resource consumption, depending on the routing and image acquisition, while still collaborating with 

other network participants to optimize routes. Additional AI supervision is recommended as a solution 

to address signal loss verification and processing delays. Three-Dimensional Navigation: Expanding 

path planning algorithms to intricate 3D scenarios such as cities with dynamically changing altitude 

requirements and obstacles. Sustainable Energy Solutions: Development of portable renewable energy 

stations, such as solar or kinetic charging platforms, to enable extended UAV missions in isolated or 

disaster-affected areas.  Inter-Network Integration: Study the potential telecommunications integration 

of drone networks with existing cellular, satellite, and upcoming 6G systems to optimize the available 

connectivity options.  Resolving such challenges will enhance the practicality, scalability, and versatility 

of energy-efficient UAV network deployments for diverse multi-purpose connectivity applications. 
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